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being  characterized  by  interesting  features  near  gyro-frequencies  of  electrons 
and  ions,  as  well  as  frequencies  multiple  to  them.  Frequencies  of  ordinary 
and  extraordinary  waves  which  propagate  across  a  magnetic  field  in  a  non- 
relativist  ic  ;plasma  are  determined,  and  the  excitation  of  high  frequency 
branches  of  these  oscillations  are  investigated  when  an  ion  cyclotron  wave 
passes  through  the  plasma.  Various  dispersion  equations  for  extraordinary 
waves  are  ..given .  The  behavioral  frequency  of  various  branches  of  extra¬ 
ordinary  waves  in  hot  plasma  are  described .  (  ) 
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PROPAGATION  op  waves  in  plasma  across  the  magnetic  field 
A.  B.  KLtsenko  and  K,  N.  Stepanov 

The  effect  of  the  thermal  movement  of  plasma  electrons 
and  Ions  on  wave  propagation  of  a  low  pressure  nonrelativistic 
plasma  (xa  »  4tt  n0Ta|H02  a  1)  acrose  a  magnetic  field  is  in¬ 
vestigated.  The  dispersion  equation  for  .an  ordinary  wave  has 
solutions  »s(k),  similar  to  k  so>a  (s  -  1,'  2,  ,,,)  at  any  given 

wavelength  ratio  (.X  «  i/k)  to  the  Larmorlan  radius  \ e*.  of 

a  type  particles  having  a  thermal  velocity  (see  Fig.  1) . 

(a>e  and  —  gyro-frequency  of  electrons  and  ions.). 

The  dispersion  equation  for  an  extraordinary  wave  also 
has  an  analogous  solution  in  the  field  of  high  frequencies 
(oj  a>e)j  (see  Fig.  5)>  as  well  as  a  solution*  corresponding 

at  k2  $  xa  to  the  longitudinal  plasma  oscillations. 

Frequencies  of  longitudinal  oscillations*  in  the  case  of  a 
plasma  with  a  greater  density*  when  fte &e  (ftfi  —  is  the 

Langmuirs  frequency  of  electrons)  as  a  function  of  the  wave 
vector,  decrease  at  a  rise  in  k  ^  decreasing  from  a  value 

m  *  j  a  (s  ■  2,  3,  . . .)  at  k$  1  to  cd  «  (s  —  l)o>  at 

k®  e  >  i  (see  Fig,  5)*  For  a  plasma  with  a  small  density 

(ft  <  o>e),  the  behavior  of  plasma  frequencies  is  shown  in 

Fig,  2  and  j5. 

In  the  field  of  low  frequencies  (a  <  )  the  dispersion 

equation  for  sn  extraordinary  wave  (in  case  of  a  cold  plasma) 
determines  the  frequency  ©  »  kVA,  which  correspond  to  the 

magneto-sonic  wave  (VA  —  is  the  Alfven  velocity) .  This 

expression  appears  to  be  unacceptable  at  kQ  ^  «*  o(s  *  1,2,,,,), 

when  ra  *  s  (0^,  In  this  field  It  is  necessary  to  compute  the 


FTD-HT- 23-671-67 1 


1 


thermal  movement  of  the  ion*,  'fhe  behavior  frequency  of 
various  branches  of  the  extraordinary  wave  in  a  hot  plasma  at 
a  »■  is  shown  In  Fig.  6. 

The  auto-excitation  of  the  electron  {high  frequency) 
branches  of  the  examined  oscillations,  when  an  ion  cyclotron 
wave  passes  through  'thb  plasma,  due  to  bunched  instability 
was  investigated. 


i.  Introduction 

.  Tile  propagation  of  waves  in  a  plasma  across  a  magnetic  field 
is  characterized  by  Interesting  features  near  the  gyro-frequencies 
of  the  electrons  and  ions,  and  frequencies  multiple  to  them.  In 
spite  of  the  investigation  of  this  question  by  a  whole  series  of 
works  [1— 15],  it  cannot  be  considered  fully  explained.  In  the 
present  work,  the  frequencies  ©  of  ordinal y  and  extraordinary  waves 
which  propagate  across  a  magnetic  field  in  a  nonrelativistic  plasma, 
are  determined  and  also  the  exeJ*  ;ion  of  high-frequency  (electronic) 
branches  of  these  oscillations  when  an  ion  cyclotron  wave  passes 
through  the  plasma  is  investigated.  As  is  known,  in  the  case  of  a 
transverse  propagation  of  waves  in  a  plasma  situated  in  an  outer 
magnetic  field  HQ,  the  dispersion  equation,  which  determines  the 
frequencies  ©  of  these  waves  as  a  function  of  the  ./ave  vector  k, 
breaks  into  two  equations 

{**/•)»- *g,-0  (1) 

—  (2) 

where 


,  V  a.* _ ■*r*In 


23-671-67 ! 


k  c/»  —  is  the  index  of  refraction-  fla  =  (4ire2n ®c  * 

*  eHo/ra^c  —  is  the  Langmuirian  and  cyclotronic  frequencies  of  parti¬ 
cles  of  type  i,  ee  *  —  i,  *  1,  ln  «  In(p.)  ~  is  the  Bessel 

function  fron  ‘he  imaginary  arguement,.  va  *»  (T^/rn  )^/2  —  is  the 

2  o  2  2*2 

thermal  velocity,  pa  =  k  va  /a)a  =«  k  Q  ,  —  is  the  Larmorian 

radius  of  particles  with  thermal  velocity. 

Equation  (!)  determines  the  frequencies  of  an  ordinary  wave 
which,  appears  to  be  purely  transverse  (the  intensity  of  the  electric 
field  of  this  wave  is  perpendicular  to  the  direction  of  propagation 
and  pamllel  to  the  outer  magnetic  field  HQ) .  Equation  (2)  deter¬ 
mines  the  frequencies  of  an  extraordinary  longitudinal-transverse 
wave  (the  intensity  of  the  electric  field  of  that  wave  is  perpen¬ 
dicular  to  Hq  and  has  a  different  (from  zero)  projection  in  the 
direction  of  propagation) , 

Let  us  note,  that  the  expressions  of  (3),  for  the  tensor  of 
dielectric  permeability  can  be  used  only  for  the  fulfillment 

of  the  Inequality 

|fo-#a>«|  >  (4) 

where  £a  «  v^/c.  This  conditicn  denotes,  that  the  dispersion  of 
frequencies  of  the  cyclotron  radiation  particles  with  thermal 
velocity,  due  to  the  relativistic  (transverse)  Doppler  effect,  is 
small  in  comparison  with  ®  .  When  fulfilling  the  conditions  of 

w 

(4),  the  cyclotron  oscillation  damping  is  exponentially  small. 

Below,  we  will  investigate  plasma  oscillations  close  to 

gyroreson&nces.  If  the  length  of  the  wave  is  on  the  order  of  the 

Larmorian  radius  of  electrons  or  ions  (pe  •»  i  or  p0  »  i),  then  the 

2  2 

square  of  the  refractive  index,  when  w  *  o>a  is  on  the  order  c  /va  . 
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Values  s.  .  *»  ft  /©a  ,  if  ai  is  not  close  to  sa>Q.  It  is  obvious 

2  2  2  2 

the  resonances  to  **  sa&a,  are  separated  only  when  c  /va  »  &a  Ma  > 
in  the  case  when  the  gas  kinetic  pressure  of  the  plasma  is  consider- 

*x—  * 

ably  lower  than  the  magnetic  pressure, 

(5) 

We  will  confine  ourselves  to  the  investigation  of  this  case. 

When  xa  1,  the  qualitative  pattern  of  the  frequency  depend¬ 
ence  (o  the  wave  vector  is  also  the  same  when  h.»  *  lj  however,  for 
the  determination  of  frequencies  co(k),  a  numerical  solution  of 
eq.  I  and  2  is  needed.  Upon  the  fulfillment  of  condition  (5)  it 
is  possible  to  obtain  simple  expressions  for  frequencies  co(k),  which 
are  close  to  so)a. 

2*  Ordinary  Wave  Frequencies 

Let  us  first  of  all  examine  Equation  1  in  the  case  of  high 
frequency  (electronic)  oscillations  when  the  movement  of  ions  can 

be  disregarded.  In  the  case  of  low  density  plasma  (Sla  <  aia)  the 

2  ~  2  2 

value  is  comparable  to  to  **  o>e,  *»  1  with  (kc/m)  *  c  /v0 

O 

only  when  jo  —  sa>a|/cta  **  0e  .  But  in  this  case  the  nonrelativistic 
expressions  of  equation  5  for  cannot  be  used.  Therefore,  we 
will  examine  the  case  of  dense  plasma  (S2e*>o)e)r  In  this  case- 
maintaining  only  a  resonance  component  in  the  expression  fpr  e^y 
we  will  obtain 

(&  —4  <X«)/CZ*  ~  —  fi (/*s)  (#«■  !,  2,.  ••)  (6) 


where 


Expression  6  can  be  used  only  for  !►  if  \i m  <  x_*  then  in  s,, 
it  is  also  necessary  to  maintain  that  a  component  with  n  »  0  in 
addition  to  the  resonance  member.  Then  we  will  obtain 

(* — *  «•}/•*»  —  —  x,fi4ArtO."' + i**)  ■ 

where  ^  ^ 

H  — 1)1 

The  behavior  of  frequencies  depending  on  the  wave  vector  is 
shown  schematically  in  Fig.  1.  The  frequency  close  to  cog  at  low 
4e  <  Hg1/2  decreases  .(Ao)jioe  ~  —  >i^e|[xe  +  He])>  reaches  .  . 
minimum  at  ne  »  x g i//2  (Aco/tOg  *  —  x  /l),  and  then  it  increases* 
approaching  asymptotically  to  o>  at  u  ►i.  Frequencies  close  to 

v  w 

soie(s  a  2,3#  . ..),  decrease  upon  an  increase  in  [l e,  reaching  a 
minimum  at  k  »  e,  and  then  increase,  approaching  scoe. 

With  an  increase  in  the  number  s  of  branch  oscillations,  value  k  in 
increases,  and  value  Jo)  —  ecoe|/aJe  decreases  in  a  minimum,  whereby 
functions  (ai  — •  scu _)/<o  change  slowly  at  kO  *«1. 

v  C  w 
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Clear  expressions  for  the  refraction  index  as  a  frequency 
functions  a  oj  *»  sco  can  be  obtained  in  case  of  long  wave  oscilla- 

C 

t-ions  (p  ^sf  1)  at  b  ■  i,  2  and  in  case  of  short  wave  oscillations 
(p.e  2*  i)  for  any  s  pe . 

If  co  **  a) i  ,  p  <*  1,  then 

C  C  £> 

(fce/«)»  -  (O''!*,'**)  [*£{**-  D1/*!  ;  ^  9) 

*  sea  {flj/<U*  — >  t09  =  <D*(l  —  *»j2) 


At  |x|  5>1  we  will  thus  obtain 


At*  i 

•<**  %  +  i-«.V»r 


If  co  *«  2  coe'and  pe«s^l,  then 

(fe/«)» » -  *  ±  (*  -  *)1/fI 

'  *x=x2(I  —  «0» ,/»)/** 

-  ....  « 


(10) 


(11) 


At  co  **  bco  and  u  Jbl  the  refraction  index  equals 
8  6 

be  u,  a./-  (12) 

The  conclusion  about  the  possibility  of  wave  propagation  in 
plasma,  with  a  greater  density  at  co  «  co  was  made  by  Drummond  [1], 
who  obtained  expression  10.  (Formula  10  was  already  obtained  in 
Gershman’s  work  [2],  Let  us  note  that  the  numerical  results  for 
k  c/co,  obtained  in  report  1  from  formula  10,  are  erroneous,  i.e, 
they  lie  outside  the  applicability  area  of  expression  10  either 
condition  p  s  i  away  from  frequency  co  »  as  is  disrupted,  or 

c  > 
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condition  jx|  =  |1  —  a>e/''-'|He^2  close  to  c»  *  coe). 

Expressions  9  and  11  were  obtained  in  Stepanov’s  work  [3]>  and 
expression  12  were  obtained  in  Ramashvili  and  Rukhadze’s  report  [4]* 
and  with  the  consideration  of  collisions,  they  were  obtained  in  the 
report  by  Demidov  and  Frank-Xaaenetskiy  [5]  also. 

An  analysis  of  equation  1  without  decomposition  by  degrees 
p.  or-  i/u  for  plasma  with  an  arbitrary  ratio  of  gas  kinetic  pressure 
to  the  magnetic  pressure  was  mentioned  in  the  report  by  Bnestrov- 
skiy  and  Kostomarov  [6],  in  which  the  appearance  of  new  branches 
for  the  Index  of  refraction  at  co  sa>e  was  indicated,  and  the 
entire  picture  of  the  behavior  of  refraction  Indices  is  explained 
depending  on  the  frequency.  Let  us  note  that  the  results  of  numeri¬ 
cal  calculations  of  the  refraction  index  in  the  area  co  sto  .  given 
in  report  6  are  Incorrect,  i.e.  they  belong  to  the  case  ft  <  to  and 

/v 

lie  outside  of  the  area  of  applicability  of  the  initial  dispersion 
equation. 

In  the  low  frequency  area  at  co  *  sco^  and.pQ<aC  1  we  will  obtain 
the  following  express 'on  for  the  frequency  from  aqttation  1. 

(13) 

The  schematic  behavior  of  the  frequencies  depending  on  k  ()  ^  is 
shown  in  Fig.  1  for  which  it  is  necessary  to  replace  co  by  co.?  and 
?  e  by  X  y 

3.  High-Frequency  Longitudinal  Oscillations 
We  will  now  go  to  the  investigation  of  equation  2  in  the  ca^e 
of  high-frt.  _ency  (electronic)  oscillations.  If  the  refraction 

p 

index  is  great  (kc/co)  «  then  in  equation  2  a  branch 

w  C 

of  longitudinal  oscillations,  whose  disperaion  equation  e^  -  0, 
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will  be  presented  in  form  of  the  following  s  can  be  separated 


As  is  evident  from  Fig.  2,  on  which  the  form  of  the  function 
y  *  f  (o>)  is  shown  schematically,  this  equation  has  solutions 


2. 

i-_^)i-£r£fluea£3L* 


0)  *  u>s(k)  (s  ■  1,  2,  . ..)  corresponding 'to  intersection  points 
i,  2,  ...  of  curves  y  «  f  (co)  with  a  strafght  line  y  * 

6  6 

In  the  area  p.g-'QK  i  from  (14)  we  will  obtain 


it  —  «o>c 
at 


•  Ii  Mli* 


(*  ™*  2,  3,  • . . ) 


(1 


or  m  »  <d0(1  +  4),  where 


’o>,  -  (fl.*  +  0>W,  fl,*/S ft>*  (a>*  -  4  <u,*)  •  ( i 
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If  p-e  ►  1,  then  for  frequencies  close  to  s  ©e,  we  will  obtain 
the  expression 

(&? — tv,)  I  a*  ^  *  A’/***  (Sx^,*)1^  (16a) 


The  behavior  of  frequencies  ©  *  mg(k)  is  shown  schematically  in 
Pig*  >  at  ne2/a>e2  <  5  and  in  Pig.  4  J2  <  **/<&*/  +  1  <  (/  +  l)2. 

As  is  evident-  from  Fig.  4,  frequencies  ©  (5c)  at  s  <  /  decrease 
monotonrically  upon  an  increase  of  k,  tending  \lq  i  i  and  s  <  / 
toward  s  ajg.  Frequency  ©.^(k)  (/  ©e  <  ’(ftg2  +  ©g2)'*'/2  <(/+!)  ©g) 

at  low  rises  with  an  increase  of  k,  if  /  >  1,  it  reaches 

maximum  at  k  ()  *1,  then  it  monotonrically  decreases,  tending 

toward  /  ©^.  At  /  ~  1,  this  frequency  monotonrically  decreases, 
approaching  ©g  with  a  rise  in  k£Je.  Frequencies  greater  than  ©s(k). 
at  s  >  /  increase  at  low  reaching  maximum  at  k^g  «  1,  and 

then  again  approach  s  ©g.  Expressions  15  s  *  /  or  s  ■  /  +  i  and 
equation  16  are  inapplicable,  when  the  hybrid  frequency  ©Q  is  close 
to  (/  +  1)  o>  .  In  this  case,  maintaining  the  components  in  equation 

14  with  n  ■  +  1  and  the  resonance  member  n  «  /  or  n  ■  /  +  1,  we  will 

obtain 

«-»,(i+«)  (17) 

where 

-'Ktfe-1)’  .  (“> 


equations  17  and  18  it  follows,  that  frequency  ©j,  as  well 
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.  ^ 


^  !|l - - 

-  •  Jjj)  ■  lUIIMl  MIIK,  k^. 

Fig.  3. 

KEY:  (a)  frequency]  (b)  wave 
vecrtcrr; - 


««i|  ■■= 


^  |  Himri  hint,  it, 


‘ '  '  Fig.  4. 

KEY; .  (a).  frequency;  ..(b). .wave _ 

vector.  1 

as  the  adjoining  frequency  o^-l,  or  u^+1,  cannot  be  so  conveniently 
close  to  l  o>  at  a  given  (a,  <<  1  even  in  the  case,  when  o>0«  l  cjd 
("slots"  by  Gross).  At  l  a>£  and  l  -  2,  expressions  17  and  18 
were  obtained  in  Gross  report  [7]  and  at  l  »  2,  3,  ...  —  in  the 
Sitenko  and  Stepanov  report  [8], 
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The  expressions  for  the  refraction  index  of  longitudinal 
oscillations  can  be  obtained  in  a  clear  form  at  \i  *  i  and  p,  J*-±, 

v  V 

If  cd  »  soie,  1,  .then. 


kc  _  i  r  v»  i  / 


•  fit*  I,  i*  la?"  #• 


!/<**-» 


(19) 


At  jxe  i  1  and  cd  s  a>g  we  have  [4] 


**  _  r  Qt*  vi*  ■ 


(20) 


4.  An  Extraordinary  Wave  (High  Frequencies) 

Let  us  now  examine  equation  2  in  the  general  case  of  plasma  with 
greater  density  in  the  field  of  high  frequencies.  At  u  y,  in 

C  v 

expressions  3  for  .e?2  and  el2,  1^  is  P°6sihle  to  leave  only 
the  resonance  components  ~  cd/(cd  —  s  u>  ) .  Then  we  will  obtain 

— — * — :<t<fi{(J*)  (*=1,2,...)  (21) 

**t 


where 


<p,[fit)  =»  •  (exp  -/it)  [(**//*•*  -f  i)/i-  //*/f*3 


(22) 


At  small  n  the  fraction  tp  (&i  )  “  a  |i  S/2E  (s  +  1)1  Increase 

C  O  C  v 

in  |jl  ,  reaching  maximum  at  u  1,  and  then  decreases,  approaching 

C  6 

f,  (^e>  ”  ■/(2T)i/%3/2.  (At  He»  1  function  <pg  (pg)  and  fg  (|xg) 
coincide  aiymptotically,  therefore  the  refraction  index  of  the 
extraordinary  and  ordinary  wave  i»  determined  by  one  and  the  very 
same  formula  12  [4]). 


In  the  area  M>e  &  >ie  in  the  tensor  it  is  neces^ry  to 
consider  also  the  components  with  n  »  +  1  in  addition  to  the  resonance 
components  ~  o>/(o  —  s  a3g) .  In  this  case  we  will  obtain 

oi  —  tm, _ Mr»»  Oh)  (23) 

Of  *"  1  + 


At  p.  $>  h  this  formula  coincides  with  formula  2i 

v  C 

In  addition  to  the  oscillations  branch  in  the  field  of  low 
u  there  is  still  another  branch,  whose  frequency  is  determined  by 

w  > 

expression 


•  -II 


«(.-ur#+i)*+3«M,i . 

MlT+S) - /►<*)(«-*, 3, 


(24) 


The  frequency  of  that  branch  settles  away  much  farther  from  s  co 

s 

than  the  frequency  determined  by  formula  21,  In  the  area  \i  , 

e  e 

expression  24  transforms  into  expression  15  for  a  frequency  of 
longitudinal  waves  (in  the  denominator  of  equation  15  in  the  case 
in  question  of  dense  plasma  /ft  in  comparison  with  l/(s  — *  1) 
can  be  disregarded.  In  this  way  waves  with  the  frequencies  of 
equation  24  are  the  long  wave  part  of  the  branch  of  plasma 
oscillations. 

The  behavior  of  frequencies  (k)  depending  on  k(>  for  both 

S  6 

i 

branches  is  shown  schematically  in  Fig.  5. 

Equation  2  has  been  numerically  solved  at  low  and  co  »  a>e 
in  Drummond’s'  report  [1],  which  mentioned  the  possibility  of  wave 
passage  with  a  frequency  of  o>  *  u>e  through  dense  plasma,  (The 
numerical  results  of  the  report  [1]  are  erroneous,  because  at  u  1 

V 

for  calculations  a  formula  suitable  only  for  p  1  is  used) ,  The 

V 

expressions  for  the  refraction  index  of  an  extraordinary  wave  at 


Fig.  5. 


wave  vector. 

ca  -»  cDg  and  cd  ~  2  cDg  and  1  were  obtained  in  report  [3].  In  the 

Dnestrovski-Kestomarov  report  [9]  an  analysis  of  equation  2  in  the 

general  case  (p.^  <  1,  iie~  1,  p.g  >  i)  was  made  and  shown  for  the 

existence  of  n-v.  oscillation  branches  at  cd  **  s  co  .  Let  us  note, 

that  the  numerical  calculations  of  the  refraction  index.,  developed 

in  report  9  at  co  *  s  co  are  invalid,  i.e.  for  them  condition  4  of 

the  applicability  of  the  expressions  3  for  used  in  this  case 

is  disrupted.  Schematic  graphs  for  k  c/co,  which  correspond  to 

waves  with  the  frequencies  equation  21,  are  given  in  the  Demidov 
report  [10]. 

5.  Low-Frequency  Plasma  'Oscillations 
In  case  of  low  frequency  plasma  oscillations  (co  «  coj  equation 
ell  *  0  haB  the  follow-ng  form  at  p,e«s£  1 


It  is  obvious  that 


25,  as  wall  as  equation  14  has  a 


number  of  solutions  to  *  o>K(k)  (s«d,  2,  3,  ...),  lying  in  the  interval 


1? 


«  CD,  <  CC>c  <  (B  -f  1)  flD^. 

In  case  of  long  wave  oscillations  (k  Q  1)  we  find  from 
-  equation  25 


(26) 


Expression  27  for  a  plasma  oscillation  frequency  at  Ta  ~  0 
was  derived  by  Koerper  [11] .  A  consideration  of  the  thermal 
movement  of  plasma  particles,  which  leads  to  the  limitation  of 
refraction  indices  of  an  unusual  wave  at  cd  a^,  is  given  in  report 
12,  and  15.  (Let  us  note,  that  in  report  3  the  thermal  movement 
of  electrons  was  not  considered;  in  report  12  the  thermal  movement 

ii 

of  ions  was  not  considered;  in  addition  the  coefficient  at  N  in 
formula  12  of  report  [12]  should  be  multiplied  by  2.) 

In  the  area  of  short  wave  oscillations  (\i±  >1)  from  eq.  25, 
we  have 


The  dependence  of  the  frequencies  cog(k)  on  is  schemtically 
represented  in  Fig,  3  and  Fig,  4  (it  is  only  necessary  to  make  a 
replacement  of  coe  by  e  by  ^  and  by  u^) , 
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If  the  hybrid  frequency  1b  cloae  to  s  then  expressions 
26  ana  27  are  inapplicable  *  In  this  case 

.•  (29) 


where 


6.  The  Extraordinary  Wave  (Low  Frequencies) 

Let  us  first  of  all  .mention,  that  eq.  2  in  a  hydrodynamic 
approximation  (p  i,  p,  i)  has  a  solution  0  o>  in  the  area 


corresponding  to  a  magnetic  audio  wave 


;  o)  «=  kV a  **  w-^r 


where 


(51a) 


On  the  other  hand,  maintaining  the  resonance  components  in  e^y  we 


will  obtain 


-*1*  „ ....  «'  \ 

1-^4  *  * 


where  function  ^(m^)  is  determined  by  formula  22,  or  (at  low  p.j) 

•=£«..„  (<  a. 2,  3,  ...)  (55) 


Function  33  ha*  an  extreme  at  point*  «  p  ,  where 
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(53a) 


[m *»/  »(«  + 1)} [*+ 4± <*» +8)^1  (*-2,3, '...)' 

$$$.  function  32  —  has  in  points  p.^  =  p.  »  2  s.  Hi(s  "  1*2,  ...),, 

The  branch  of  oscillations  with  a  frequency  of  eq<.  33  passes  in  the 
area  \L^y>Y.^  into  longitudinal  oscillations,  investigated  above 
(see  formula  26) . 

Expressions  31  and  33  are  applicable  in  the  narrow  area  at 
2 

p_i  «  s  In  this  case  instead  of  eq,  31  and  33  we  will  obtain 

oj  *  cd  ,  where 

rr 

■**5“ -tkst— i±4-«sr— r , 

+  2**  (*  - (*  =  2,  3,  ...  . )  (  34  ) 

+f}w  «-D  .  ■  w') 

1  /2 

At  an  increase  in  differential  ]  (P-jA^)  '  —  1|  formulas 

34  and  34*  change  respectively  into  formulas  31,  33  and  31,  32. 

,  •yZz£*Lm.i,+i)W2l(fli)VjkH*)‘  (35) 

•i 

where  < 

9>it  (*)  =  -i  £  (**  +  l)1/f 

* = * °  f  i)v"  0* — — 

Formulas  35  at  |x|  1.  changes  into  formulas  32  and  33 . 

The  dependence  of  frequencies  cd  (k),  determined  by  formulas 

31-36,  on  the  wave  vector  k  is  shown  in  Pig.  6.  Let  us  discuss  the 

Individual  sections  of  curves  1,  2,  3;  ...  in  Fig.  5  in  greater  de- 

< 

tail.  Curve  1  in  area  p^  <  corresponds  to  magnetic  audio 
oscillations  with  the  frequency  of  eq.  31,  In  the  area  ^  the 
frequency  of  this  wave  is  determined  by  formula  34*  for  cd+  (  in  thiB 


16 


^  !  MIIIM  KItir,  tf, 


6. 

-  XFY;  (a)  frequency;-  (b-)-wave - ,  . 

vector. 

case  cd  —  cd^  — x^1/^  If  |wl;L  — xj  ^Xj2),  and  at  \i±  >  x  (jp^  — 
by  formula  32.  Curve  1  reaches  maximum  at  p^  ’*  2*^  (in 
this  case  cd  —  o^*  —  and  then  drops.  At  p.^*  1  curve  1  has 

a  minimum  cd  —  cd^  —  x^)  •  a  further  increase  of  p^  curve 

1  approaches  asymptotically  to  a>^» 

The  frequency  of  the  branch  of  oscillations  corresponding  to 
curve  2  is  determined  by  formulas:  32  at  p.^  <  xi)  at  *>  3^f 

for  cd+  (in  this  case  cd—  cd^  *»  x^^cd^,  ^  1^3 —  xil  <  51  — 

In  area  xi  <  p-i  <  4xjLi  3^  for  cd__  (s  -  2)  and  35  in  the  area  by.^  < 

<  p-j^  1  (s  -  2).  Curve  2  reaches  maximum  p^*  p+  »  (in 

this  case  cd  —  2  cd^  «*  —  x^cd^),  and  then  decreases,  converting, 
into  a  branch  of  longitudinal  oscillations,  whose  frequency  tends 
toward  cd^,  when  pi  1, 

Curves  /-2  s  -  1  -  3»  5»  7»  whose  form  at  \i±  <  pQ  are 
determined  by  formula  33,  decrease  at  low  pi#  reaching  maximum  at 

e  • 

p^-  p_  (in  this  case  cd  —  s  «  —  x^.  and  then  they  increase 

At  p^  *  p-q  the  form  of  these  curves  is  determined  by  formula  35 

for  cd__+  (cd  —  »  ©j  *  —  Ki-^i*  \H-  “ol  £  Hi2)  *  wil®n 


-  *m>~“ 
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2 

IXq  |  the  form  of  the  curve  is  determined  by  formula 

32.  That  curve  re-'ches  maximum  at  p.  *  p+  (in  this  id  —  s  oj^  *  — 

it  then  decreases,  reaching  minimum  at  p^  »  p.  <*  i  (cd  — 

s  cd^  **  —  and  then  approaches  s  <d^. 

Point  p.  is  displaced  to  the  right  with  an  increase  of  s,  and 
s 

value  a  at  an  increase  of  s  decreases). 

Curves  /  »  2  s  »  4,  6,  ...  are  determined  by  formulas:  32 
at  p;jL  <  ii0,  35  fo~  cr+  at  ~  p.Q  (in  this  case  co  —  s  co^**  Kj8^), 

33  at  <  p,±  <-His2  ( |p.± —  p.Q|  ^x^);  34  for  co+f  at  p.^  s^j 

2  2  p 

31  at  s  x^  <  p.^  <  (s  +  i)  x.,,  34  at  p.  *>  (s  +  1 )~y (in  this  case 

2 

it  is  necessary  to  replace  s  by  s  +  i  in  formula  34,  33  at  (s  -f  1) 

X^  <  1  (here  it  is  also  necessary  to  replace  s  by  s  +  1) .  In 

this  area  p<i^>xi  this  curve  determines  the  frequency  of  plasma 
oscillations  which  decreases  with  an  increase  in  p^  approaching 
s  o>3  v-  Curve  /  *  2  s  has  a  maximum  at  p^  p+  (in  this  case  co  — 

(s  +  i)  iDj*  — .  x^  +  iO)i) ,  which  lies  below  the  minimum  of  curve 
/  «  2  8  +  i  at  point  p1=«  p_,  where  p_  is  determined  by  formula  33, 
in  which  s  should  be  replaced  by  s  +  i. 

The  obtained  expressions  for  frequencies  can  be  used  only  at 
s2  ni%12. 

Let  us  note  that  for  curve  sections  cd(1c),  which  decrease  with 

an  increase  in  k,  group  and  phase  velocities  of  the  waves  are 
directed  in  opposite  directions.' 

7.  Excitation  of  Electronic  Oscillations  When  Ions  Cyclotron 
Waves  Pass  Through  Plasma 

When  an  ion  cyclotron  wave_  passes  through  plasma,  electrons 
and  ions  acquire  a  relative  velocity  u  in  the  field  after  that 
wave  has  passed.  If  u>-v^,  then  in  the  plasma  beam  instability 
may  originate  [14].  We  will  examine  the  excitation  of  extraordinary 
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and  ordinary  waves  in  dense  plasma  investigated  above  by  an  ion 
stream  caused  by  the  field  of  a  cyclotron  wave.  We  will  assume 

that  the  wave  length  of  .the  excited  waves  .is  considerably  smaller- 
than  the  length  of  an  ion-cyclotron  wave  and  the  time  of  develop¬ 
ing  the  instability  is  considerably  less  than  the  time  of  turning 
the  ions  in  the  magnetic  field  HQ»  Then  the  value  u(t)  can  be 
considered  as  a  constant  value  and  the  effect  of  the  magnetic 
field  on  the  perturbed  movement  of  ions  may  be  disregarded. 

The  contribution  of  ions  into  the  tensor  in  the  reading 
system  in  which  electrons  rest,  equals 


,  A* 

*  t  *  t 

Qi'kv, 

£u  “  (»-*«,)»  • 

£U  “*ll  “ 

»( a—kUx )* 

.  1 _ .  1 

Mkth 

£“ 33  »»(«-*«*)•  f 

*1*  “‘ll 

0(0—  *«*)* 

of 

.  t .  .  t_ 

DfVUyUg 

"  »*  (•»  —  *«*)*  ' 

*11  ^*11  =* 

(36) 


p 

Disregarding  the  components  cc  *  s  we  will  obtain  from  the 
dispersion  equation 

(36a) 

two  equations 

(ie/ft))*  — oO  (37) 

1 

(««  +  •ll)  {*«/«)*—  (*u  +  «u')  («|,  +  «„')  —  tlt*  omO  (!?8) 


where  e±±t  e22, 


Eyj  and  e^2  are  determined  by  formulas  5, 


in  which 
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it  is  only  necessary  to  consider  the  contribution  of  the  electrons. 

Let  us  first  of  all  examine  the  excitation  of  a  usual  wave. 
Assuming  •  -  • 


«■*  <u»{i)  +  *•  !«i«"  W 


(39) 


where  'J>s(k)  is  a  solution  of  eq.  yj  at  0,  determined  by 
formula  6,  we  will  obtain  <o(k)  =*  kxu,  at  resonance  which 

c  -  -  1+  i  W  f  nttk****  (»,  -  * ««)»  H/»  (40) 

2  l  mj(rap  — J 

At  uz~  ux~  vg  (kQ  e*“  i)  by  the  order  of  magnitude  e  **  (xe2m 

V 

In  case  of  the  excitation  of  a  longitudinal-transverse  extra¬ 
ordinary  wave,  whose  frequency  is  determined  by  formula  21,  we  will 
find  to  (k)  «  k  u  ,  in  resonance  conditions  that 

+i3V»)/2]  (x,»m^mi)V»  ^  (^(i  -////,)»  (-41) 

+V/B i^Wca. 


At  ux*=  ve,  k  e"  1  we  have  e  *•  ( *  g 2me/m1 ) . 

Let  us  now  investigate  the  excitation  of  longitudinal 
oscillations.  The  dispersion  equation  of  these  oscillations, 
+  e^'  »  0,  has  the  form 


,  0.'Vn»(«p~  *)/,(*)  «  fl|* 

1  -SrZ  * - 


(42) 


2r« 
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The  component  cc  04  plays  a  substantial  role  in  equation  42  at  co  *» 
k  u  .  Assuming  a>  *  k  u  +  £,  we  will  find  that 

X  X 


mm 


(«) 


Hence  it  is  evident  that  the  excitation  of  oscillations  (Is  e  >  0) 
takes  place  at  s  a  <  k  u.  <  to  ,  where  to  is  the  frequency  of  HF 
longitudinal  oscillations  C  at  to  *  ce»s (ic) ) »  The  increment  of 

increase  in  expression  43  increases  at  k  u  — ►  to  .  However,  ex- 
pression  43  can  be  utilized  only  at  j to  —  k  u  At  jm  — 

1  S  X 1  *  1  1  £ 

k  u,  |  ^  e  the  increment  reaches  a  maximum  value 


— 1+13‘i*  /**«V 


*(KKp~p,)I,  m* 


(44) 


If  pe~  1,  ux~  ve,  then  e  -  (a^/a^1/5^.  At  v±^  u^  ve  and 
Pe  £>1  formula  44  coincides  with  the  result  of  report  14. 

In  conclusion  the  authors  thank  A.  I,  Akhiezer  for  evaluating 
the  work  and  for  useful  council. 
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